Abstract: Literature provides numerous examples of the effectiveness of Lean operations (Lean) in increasing the competitive posture of manufacturers. However, less obvious is the impact of Lean on the environmental performance of the manufacturer. A methodology is proposed that allows one to articulate the complex relationship between Lean principles and their overall environmental impacts for specific processes. A case study illustrates the application of the methodology to the metal cutting industry using single and/or multipoint cutting.
Introduction
US manufacturers are under tremendous pressure to improve productivity in order to remain competitive in the global market. Over the past several decades there has been a significant shift around the globe towards Lean practices, many of which are centred on reducing waste in the manufacturing process (Ahlstrom, 1998; Feld, 2000) . This strategy is credited for radically improving profitability, customer satisfaction and employee morale (Arbós, 2002; EPA, 2003; Feld, 2000; Warnecke, 1995) . Manufactures are also faced with increased awareness and responsibility to the environment. These organisations focus on the environmental factor, not only because of government regulations, but also because their suppliers or customers are more environmentally demanding (Gordon, 2001) . As a response many manufactures consider environmental management as an integral part of economic development and a necessity for remaining competitive (Tibor and Feldman, 1996) . This focus on the environment has led to the concept of environmentally conscious manufacturing, also referred to as Green Manufacturing (Green). Green strategies have moved from being only end-of-the-pipe control to being an inherent result of process improvements. As such, it is only natural that the concept of Lean, with its inherent system view and focus on systematically eliminating waste with in-process activities, is considered a good partner in the strategy of actively protecting the environment (Byers, 1994; Chagnon et al., 1999; EPA, 2003; Lovins et al., 1999; Porter and Van Der Linde, 1995) .
However, the nature of this relationship, nonetheless, remains inconclusive, as there is little to explain the conflicting findings researchers have obtained. Literature provides evidence of a positive correlation between Lean and the environment. Gordon (2001) claims that environmental management and high performance manufacturing require similar skills and resources. Therefore, plants that operate under Lean principles will have a greater ability to reduce pollution. Another study reported that manufacturers with employee participation practices had triple the reductions in Toxic Release Inventory emissions than that of other manufacturers (Bunge et al., 1996) . This empowerment of workers associated with Lean practices is verified at Boeing to give rise to "greater levels of worker participation in environmental activities in Lean plants". Lean at Boeing not only affected the energy, raw material and non-product output, but also had a positive impact on the environment (EPA, 2000) .
On the other hand, researchers suggest a negative correlation between Lean and environmental performance. EPA (2000) points out that continuous improvement effort in Lean plants may be thwarted due to environmental regulatory restrictions. Regulatory restrictions can make it difficult to make environmentally sensitive processes Lean. Specifically, EPA (2000) attributes this to the inability to match one-piece flow of Lean with the batch and queue, mass production mentality of environmental regulatory systems. Also, stringent environmental regulations may require high cost pollution abatement equipment which is seen as reducing the economical productivity of the firm (Bartel and Thomas, 1987) . This is another example of a mismatch between Lean and environment efforts since Lean avoids the use of non-value-added abatement equipment, which might be crucial in order to decrease emissions (Rothenberg et al., 2001) . Shen (1995) suggests the emphasis of Lean on small lot production could result in more wastewater generated, as well as more energy usage due to frequent start-over.
An analysis of the literature reveals the conflict in the literature is due to two primary reasons. Firstly, most research linking Lean with environmental metrics have narrowed their focus to single Lean principles or single environmental metrics rather than analysing multiple Lean principles over multiple measures of environmental performance. Secondly, some relationships between Lean and environment depend on various factors, which can be summarised as follows:
1 The relationship is manufacturing process specific: The reported relationship is dependent upon the type of manufacturing process under consideration. For example the environment-Lean relationship may be positive for regular processes but may be negative for environmentally sensitive processes that are highly regulated by environment agencies.
2 The reported relationships are dependent upon the subset of Lean principles that are being considered. For example small lot production might prove to be environmentally damaging. Continuous improvement and environment regulations also may not go hand in hand.
3 The relationship is environmental performance metrics specific: For example Lean is seen to have a positive impact on the reduction of toxic emissions. The reported relationships are limited in existing studies, since the measures of environmental performance considered are usually one dimensional in nature (i.e. only energy use or toxic emissions). In order to fully understand the relationship between Lean and environmental performance, one must look at a variety of environmental performance metrics.
4 The Lean-environment relationship is culture specific. For example, if water is a cheap utility and cost is the important factor of consideration, then the company might not restrict the use of water in order to maintain quality which is held as a priority as opposed to reduction in waste water generation. On the other hand, if waste water control is held as important as quality then the company will focus on reduction in waste water as well as maintain good quality.
Problem statement
The advantages of integrating Lean and environmental efforts are widely understood in industry. In order to exploit the advantages of efforts that integrate both, it is first necessary to understand the relationship between the two. Figure 1 brings out the fact that production and environmental inputs, both, impact the same manufacturing process. However, it is most often seen that Lean based decisions impacting the facility are made without considering the impact of the modification on environmental considerations of the facility. Similarly, environmental decisions are made without any true operations involvement. Operations personnel focus on the production dimension of the process; that of converting raw material to finished products in an efficient manner. In fact, environmental needs are generally seen as a constraint on operation strategy (Angell and Klassen, 1999) . Environmental personnel, on the other hand, focus on the environmental dimension of the same process. As a result, environmental activities and Lean implementation efforts are conducted in a vacuum from each other given that both groups are impacting the same exact manufacturing process as illustrated in Figure 1 ( EPA, 2003; Hanna et al., 2000) .
Much needs to be understood about the relationship between a comprehensive set of Lean principles and their environmental impact. Until these relationships are understood, any expectation of cross-functional activity is unreasonable. There are few individuals in academia or industry that have the necessary expertise in both the operations and environmental details of manufacturing to bridge the current gap that exists between the two domains. Research is required to develop methodologies that lead researchers and practitioners in developing these relationships. There are two main problems in developing such methodologies as indicated in the literature. Firstly, the methodology must evaluate the impact of multiple Lean principles over multiple environmental metrics as different principles of Lean seem to affect the environment differently. Secondly, the methodology must be able to accommodate application specific input to develop the relationships. A methodology is presented which provides the framework to overcome these two barriers. The methodology is based on initially developing a comprehensive yet generic relationship between Lean and environmental metrics. The methodology further allows individuals to utilise this base framework as a starting point for customising the model for specific applications.
En-Lean methodology
Environmentally Lean (En-Lean) is a methodology to assist in developing the relationship between environmental concerns and Lean principles for specific processes. The methodology is decomposed into four distinct phases, represented in Figure 2 and discussed in detail in the following sections. The first phase involves developing the En-Lean base matrix identifying the relationship between Lean principles and the environment. For the case study presented in this paper, a focus group consisting of Lean and environmental experts at the University of Tennessee developed the matrix to quantify the relationship between Lean principles and specific environmental factors affected by them. The second phase customises the En-Lean matrix for the specific type of process family, application or industry. This involves defining the methodology for data collection specific to Industry/Manufacturing process. The interview format and the rating system are determined prior to determining the right sample size to ensure consistency in statistical analysis. By creating an interview checklist and choosing qualified industry specialists reliability of the data obtained is ensured. The third phase is analysing the data collected from the previous stage. Analysis is a two-fold process; the first step is to calculate the overall environmental impact score specific to each Lean principle. A sensitivity analysis reveals the most critical environmental criterion. The final phase automates the En-Lean matrix for flexibility and ease of analysis, through a specifically tailored software model. The interface provides better usability and accessibility by being built on platforms that could be used via the internet. The data and results analysed could be disseminated to the industry to modify the En-Lean for future analysis. 
Phase 1: developing base En-Lean
The En-Lean matrix illustrated in Table 1 is the foundation of the methodology. It is critical to develop this matrix correctly as it will serve as the basic relationships between Lean principals and environmental metrics. This matrix serves as a foundation for any application. A focused group that included Lean experts and environmental experts at the University of Tennessee assisted in developing the matrix. Lean principles represent the vertical axis of the basic En-Lean matrix. Lean is delineated into the following phases: planning, work place design, flow design, support function design, variation reduction and sustaining change. Lean principles utilised in this study include employee involvement and empowerment, mistake proofing, quick changeover, cellular manufacturing, pull systems, small lot production, product mix/variability, total productive maintenance and supplier development (Askin and Goldberg, 2002; EPA, 2003; Feld, 2000; Irani, 1999; Nichols, 2001; Ron, 1998; Warnecke, 1995) . All the principles identified in this study are associated with phases of Lean implementation that result in process modifications impacting the environmental metrics. The four functions that focus in on process improvements and therefore impact the environmental metrics are planning, work place design, flow design and support function design. The first principle, employee involvement and empowerment, represents the planning phase of Lean implementation. Mistake proofing and cellular layout are two Lean principles that represent the workplace design phase of Lean implementation. The next four principles; pull systems, small lot production and product mix/variability represent efficient flow design. The last two principles; total productive maintenance and supplier development represent the support design phase to enable Lean within a facility. The horizontal axis of the En-Lean matrix represents common environmental metrics which include air pollution, energy usage, employee's health and safety, hazardous waste, non-hazardous waste, special waste, universal waste, toxic chemical, wastewater and storm water runoff (EPA, 1997). The next step in the development of the base En-Lean matrix involves identifying the specific effects of Lean principles on the environment. In order to record the impact of Lean on the environment, four levels of ratings are defined. These four levels are defined as 1 positive 2 negative 3 either positive or negative, depending on the specifics of the application and 4 no impact.
The impact of each Lean principle on the environment metrics was developed through a detailed process by the same focus group of Lean experts and environment experts. Table 2 presents a sample of the results from the focused group (cellular manufacturing impact on environmental metrics). The Lean experts delineated key characteristics of each Lean principle through case studies to explain each characteristic to the environmental experts. Based on the evaluation of the case studies and associated discussions the environmental experts subsequently identified the key environmental metrics impacted. The environmental experts next presented scenarios of the environmental impacts of the Lean principle to the Lean experts. The entire focus group results are presented in Appendix A. The summary of the results is presented in the En-Lean matrix presented in Table 1 . This En-Lean matrix provides a much needed conceptual relationship between Lean principles and environmental metrics. The experts who formulated Table 1 agreed that some of these relationships could change based upon the application. However, the base En-Lean matrix is the foundation to develop customised En-Lean matrices. 
Phase 2: customising En-Lean
For En-Lean to be practical, the En-Lean matrix must be customised for each specific type of process family or application. This involves actual data collection to modify the base En-Lean matrix. Although there are several data collection methods including, mail, self-administered questionnaire, telephone interview and face-to-face interview (Neuman, 1997) , the recommended survey method is face-to-face interview.
One of the advantages of this data collection method is that the interviewer may control the sequence of questions and use contingency questions effectively. For example, depending on the answer to a first question, the interviewer may go to another question or skip certain questions. Moreover, face-to-face interview helps ensure that the opinions of the survey respondents are their own and are not influenced by others. An interview checklist is created for guiding the interview process in a smooth, continuous and consistent manner. The full-filter question is recommended in order to ensure that all answers are meaningful and reliable. A full-filter question is a special type of contingency question which first asks if the survey respondents have an opinion and only if the answer is yes does the respondent have to give an opinion. Apart from the type of questionnaire the rating style is also critical in this process. Likert scales are a good choice because of its simplicity and ease of use (Neuman, 1997) . Each cell entry in the matrix is an integer in the range between −5 and +5. For example, an entry of +5 in the cell formed by Lean principle A and environmental attribute 1 indicates that the Lean principle A has a strong positive impact on environmental attribute 1. The advantage of this type of scoring is that a zero represents neutrality or no impact, while a negative number implies a negative impact.
There are two other issues that must be considered to ensure that the data from the interviews is valid once the interview checklist and rating method is determined. The first issue is that the individuals interviewed must be qualified. These would be individuals that have responsibility for the entire production process under consideration with responsibilities for both productivity and environmental considerations. The case study section in this paper provides greater detail on qualified respondents. The second issue is to ensure that sufficient data is collected. Each cell entry in the En-Lean matrix is the mean of all respondents for that cell. Because the data can only be collected from a portion of the true population, the deviation between the sample mean and the population mean is of particular interest. Arnold and Groeneveld (1981) proposed a method for calculating the minimum sample size (n). To ensure that the maximum deviation of the sample mean to the population mean does not exceed 't' units of population standard deviation (σ). The sample size (n) can be calculated using the following equation,
where n is the minimum sample size, α is the % probability that the difference between the sample mean and the population mean does not exceed tσ; t is the unit of deviation as measured by the standard deviation σ.
Phase 3: analysing the customised En-Lean
A methodology is required to analyse and interpret the data for customised En-Lean. There are two primary objectives in the analysis phase. The first objective is to establish the relationships between Lean principles and the overall impact to the environment metrics. The end result is to inform the user of the impact of each Lean principle to each environmental metric in the context of Lean implementation in industry. This allows the user to focus on specific environmental metrics and Lean principles and the nature of the relationship between the two to guide process improvement decisions and associated efforts. The nature of the relationship is defined by the impact and the significance of the impact. This creates a multiattribute problem because Lean principles have positive impact on some environmental metrics and no impact or negative impact, on others. The specific impact on each attribute may also be dependent upon the application. The solution to this multiattribute problem is to develop the relative importance weights for each of the environmental attributes. The direct assessment approach is used in determining the weights (Canada and Sullivan, 1989) . The overall environmental impact score of each Lean principle is determined by applying the weighted evaluation model. The results are presented in Figure 3 . Weighted ratings are calculated by multiplying each Lean principle's impact on each environmental attribute (R i,j ) by that environmental attribute's relative importance weight (W j ). These products are then summed for each Lean initiative, resulting in overall environmental impact scores From the equation it can be seen that the overall impact score of the Lean principle depends on two factors -the relative importance weight W j of the environmental factor and the rating score R j from the interviews. For a particular facility at a particular situation or time frame, the data obtained from the interview is a reflection of the actual relationship between the Lean principle and the environmental factor. This means that the overall environmental impact score will change with the weights assigned to the environmental factor. Intuitively this indicates that the most critical criterion is the one that has the most weight. But this can be very misleading as the response of the overall impact score for each Lean principle to change in weights may differ to a large extent. It should be kept in mind that W j is dynamic, as it changes from application to application. A few of the variables impacting W j are regulations, company culture and geography. For example wastewater in Arizona may have a different level of importance as compared to Washington State. Thus the second objective of this phase is to establish the sensitivity of the developed relationships to the importance (W j ) of each environmental metric. The process of identifying the most critical environmental factor involves sensitivity calculations using the following equations (Triantaphyllou, 2000) : Multicriteria decision making defines the most critical criterion in two ways (Triantaphyllou, 2000) :
1 Whether the indication of the best top alternative changes or not. In other words -whether changing the weights of the environmental criteria changes the ranking of the best (top) Lean principle changes. For example with a weight of 20 each the top Lean alternative, measured by the highest overall positive impact is Total Productive Maintenance. Which is the environmental factor, whose change in weight changes the ranking of Total productive maintenance?
2 Whether the ranking of the alternatives change. That is, the ranking of the pair wise comparison of two Lean principles changes.
The second method is more suitable to the problem in question. The change in rankings may determine the amount of resources being assigned to the particular Lean principle in question. The analysis is discussed in more detail in the next section.
Phase 4: industry interface of En-Lean
This phase involves the development of a computer program using HTML and JavaScript codes to serve as an interface for the users of En-Lean model. The benefits of the programme are threefold. Firstly, it enhances the usability of En-Lean model by allowing the user to assign different values for the relative weights for each environmental attribute. The programme allows the user to input different values for the individual impact scores and get the corresponding overall environmental impact score.
Secondly, it eliminates human error and tedious efforts involved in manipulating the overall score. Finally, it augments the accessibility of En-Lean model by allowing the user to publish the model through the internet.
Case study: metal cutting
The focus group of experts chose the chip forming process that uses single-point and/or multiple-point cutting tools to illustrate the En-Lean methodology. The experts wanted to base the research on companies with 50 or more employees in East Tennessee utilising metal cutting operations. The metal cutting process is a basic process utilised in multiple industries represented within the state of Tennessee. Both single point cutting and multipoint cutting processes were considered since both the processes have similar impacts on the environment. Appendix B describes the taxonomy of the single-point and/or multiple-point cutting process.
To make the En-Lean matrix developed in this case study user-friendly, computer based technology was utilised to automate the analysis process. The En-Lean model was developed using HTML and JavaScript codes. The model can be run with Microsoft Internet Explorer or any other Internet browsers. Figure 4 displays the screenshot of the automate En-Lean model as viewed in Microsoft Internet Explorer. Because practitioners may have different priority on their environmental concern, each would have to ability to assign the relative importance weights for each environmental attribute according to their interest. The users can conveniently change the relative importance weights in the ranges of 0 to 100 by clicking in the appropriated box and typing in the desired value. The new overall environmental impact score will then be calculated after clicking any other data fields in the screen. 
Customising En-Lean: metal cutting industry
After the choice of industry was made the data collection process began. A sample size of 28 was determined to be the appropriate. Only companies known to have made substantial progress in implementing Lean principles were invited to participate in the study. Once the companies were short listed, qualified respondents were determined by contacting each company. Qualified survey respondents are defined as the individuals who possess knowledge of Lean principles or had access to data in addition to environmental issues associated with single-point and multipoint cutting operations. A request letter, for permission to interview qualified respondents was forwarded to the short listed companies. Interviews were conducted and the ratings obtained were recorded. Based on the results, the customised En-Lean matrix for single part and multiple part metal cutting was created as presented in Figure 3 .
Analysing the customised En-Lean: metal cutting industry
The study described here considered each of the five environmental metrics as equally important. Therefore, all five were assigned equal relative importance weights of 100 points as illustrated in Figure 3 . Thus the overall environmental impact score would range from −500 to +500. The implementation of any Lean component, whose score is −500, would have a severely negative impact on the environmental performance of the processes. On the other hand, the implementation of Lean components with the score of +500 would have a highly positive impact on the environmental performance of the processes. Lean components that received a score of zero had no impact on the environmental performance of the process. The mean impact scores that the interviews yielded are represented in the form of grades from A to E for ease of analysis and decision-making.
For the case study in this paper, the overall impact was calculated with equal weights assigned to all the environmental attributes. In this scenario, the sensitivity analysis revealed that energy usage was the most sensitive environmental attribute, followed by wastewater, employee's health and safety, solid waste and air emission. The calculated sensitivity coefficients are also indicated in Figure 3 . For the weights considered, energy usage is revealed as the most sensitive environmental factor.
The data reported by the interview process are converted to a grading scheme, detailed in Figure 3 , for ease of inference. The Lean principles that show A or B grade are the ones that are naturally or significantly positive for the environment. The management should be concerned with those Lean principles that fall in the C, D or E grade as they either show a natural or significant negative impact on the environment or seem insignificant in their effects but can be made positive if efforts or resources are expended on them. The further delineation of the C (insignificant impact) category as indicated in Figure 3 helps to focus resources. The customised En-Lean thus becomes a guide in making the decision for assigning resources.
The results of the customised En-Lean matrix for metal cutting indicated that many of the Lean principles if properly implemented have a positive impact on the environmental metrics. Specifically, 7 of the 9 Lean principles received a positive overall environmental impact score. Some of the greatest opportunities to positively impact the environmental metrics are presented in mistake proofing, and employee involvement and empowerment, which received scores of 158 and 152, respectively. These scores reflect reality. It is logical that mistake proofing provides the ability to systematically reduce errors, such as those resulting in scrap and rework, which is a positive impact to the environment. The results indicating positive environmental impact due to employee involvement and empowerment also validates the conclusion of other studies presented in the literature.
The environmental effect of cellular manufacturing in the workplace design phase and all the Lean principles in the flow design phase are, however, not as straightforward. These are principles that could cause the greatest level of concern to the environment. All of the scores for these Lean principles fall in the category of no impact to insignificant impact. Scores of no or insignificant impact might mean that the impact of these Lean principles on the environment, unlike the others, are not inherent or natural and can be influenced by factors such as the style of implementation, nature of the application or the kind of technology used. These factors are reflected in Figure 3 in the form of subratings of the insignificant or zero scores (indicated by C with a suffix). In addition, it should be noted that these principles are interrelated. For example, one of the key objectives of Lean is to create a production system that has the ability produce variable product mix on the daily basis. Product mix/variability was the only component that received the score of zero, which implied that, for the process under scrutiny, it had no impact on the environmental metrics. The ability to produce variable product mix on a daily basis implies that one produces products in smaller lot sizes. It can be seen that the only Lean principle to receive a negative overall environmental impact score is small lot production. This result also validates Shen's (1995) results mentioned earlier. Further, it makes sense that a greater frequency of changeovers and subsequent first papers will be counter to environmental efforts. The mechanisms to enable an efficient flow in an environment of small lot production are cellular manufacturing, quick changeover and pull systems. The cluster of C's seen in the Lean principles of cellular manufacturing, quick changeover and pull systems, in Figure 3 highlight the insignificant impact to the environment as compared to the Lean principles. Much care should be taken in the implementation of these principles, since the effect of these principles on the environment can turn negative if not handled properly.
The support design phase of Lean implementation enables the production flow design. This phase provides not only another great opportunity to positively impact the productivity of the system, but also the environmental impact of the system. Total productive maintenance received the highest overall environmental impact score of 284 indicating that proper maintenance of equipment has a significant positive impact on the environmental metrics. Logically, it makes sense that better maintained and conditioned equipment will reduce the impact to the environment. A score of 148 for supplier development showed a positive impact on the environmental metrics. The ability of suppliers to consistently provide parts within specifications reduces that impact on the production process, which in turn reduces the environmental impact.
Automated En-Lean: metal cutting industry
A computer program was developed for the metal cutting industry, which can be adapted for other industries too. Calling up default values in the programme displays the values of impact scores of this case study and automatically calculates overall scores for the present case study. This gives the user a feel for how the programme works. Different organisations may have different priorities on their environmental concern and the interview process in their organisation might reveal different ratings. The programme allows the user to enter rating values as well as change the weights assigned to environmental attributes. The programme calculates the overall environmental impact score based on the data input.
Conclusions
There are conflicting conclusions in the literature for which this study presented two main reasons. Firstly, the studies reviewed in the literature were analysing a narrow cross-section of the relationship between Lean principles and environmental metrics. Secondly, the relationships must be developed for specific processes. However a base model is required as a starting point that presents the general relationships between Lean and environmental metrics. This model helps bridge the gap between the two domains of Lean and environment and helps them work in tandem. The methodology presented in this paper allows relationships to be developed for specific processes based on a base matrix. Unlike previous research, the proposed methodology takes into account multiple measures of environmental performance and Lean principles to develop a base matrix. The methodology is applied to single and multiple point chip forming processes in the metal cutting industry.
On the whole, the results proved an eye opener to the participating companies. The case study also illustrates that there are tradeoffs between Lean and environmental performance. The results also give an indication of which of the Lean principles are inherently or naturally positive or negative to the environment and which principles need to be influenced, through careful implementation, to impact the environment positively.
The model developed in this paper and its results are for a particular manufacturing process (single-point/multipoint cutting processes) and as such serves as a stepping-stone for developing the model for other processes. However, further research is also needed to develop classifications of manufacturing processes from various industries based on commonality of environmental impacts. This would allow further applications of the proposed methodology for other groups of manufacturing processes from different industries. 
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